Chapter 2

Effect of SHN on the Phase Behaviour of
Some Cationic Surfactants

2.1 Introduction

The physical properties of ionic surfactants are very seedio the nature of the counterions. In
particular, counterions that have a tendency to adsorb@sutfactant micelle are known to dra-
matically modify the viscoelastic properties of these iohs through the formation of long worm-
like micelles [1, 2, 3, 4]. One extreme limit of an adsorbedrderion is an oppositely charged
surfactant, and aqueous solutions of such surfactant netare known to show interesting prop-
erties, such as low critical micellar concentration (CMi@gh surface activity, formation of liquid
crystalline phases at higher water content and spontarieouation of vesicles [5, 6, 7, 8, 9].
This chapter deals with thdfect of the strongly bound hydroxy naphthoate (HiMounterion
on the phase behaviour of concentrated aqueous solutictmses cationic surfactants, namely,
cetyltrimethylammonium bromide (CTAB), cetyltrimethytanonium chloride (CTAC) and do-
decyltrimethylammonium bromide (DTAB). This counterigintroduced by adding 3-sodium-
2-hydroxy naphthoate (SHN) to the surfactant solution. li&astudies on similar systems are
described in section 2.2. In section 2.3, a brief descniptibthe experimental techniques used in
these studies has been given. Our results are describedtiars2.4. At low amounts of SHN,
the phase behavior of CTAB-SHN-water system is similar i tf the CTAB-water binary sys-
tem, which exhibits a hexagonal (Hohase over a wide range of water content. With increasing

SHN concentration a lamellar phase with curvature defecteund instead of the Hohase. At
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lower temperatures<t~60 °C) this phase transforms into a regular lamellar phase viatanme-
diate phase on decreasing the water content. At still hi§th#X concentration a nematic phase
is found. A partial ternary phase diagram has been consttuethich exhibits a high degree
of symmetry about the equimolar CTABHN composition, reminiscent of the phase behavior of
mixtures of anionic and cationic surfactants. On repla¢heybromide Br~) counterion of the
surfactant by chloride(l~), the CTAC-SHN-water system shows only a regular lameltase
around the equimolar composition. Decreasing the chantheof the surfactant, the DTAB-SHN
system forms the lamellar phase with curvature defectshauintermediate phase is not observed
in this system. A detailed discussion of our results is givesection 2.5, and the conclusions that

can be drawn from this study are given in section 2.6.

2.2 Earlier studies

The CTAB-water binary system forms an isotropic solutiorspherical micelles just above the
CMC. On increasing the surfactant concentration the nasddlecome rod-like. With further ad-
dition of surfactant a nematic phase made up of rod-like heisés observed below 42 over a
narrow concentration range (26 - 30 wt%), beyond which a 2kagenal phase is seen [10, 11].
Addition of organic salts, such as sodium salicylate (S@jydforms the rod-like CTAB micelles
into long worm-like micelles, whose rheological propestlgave been the subject of many theo-
retical and experimental studies [3, 4]. A somewhat sinsi@mtem that has been well studied are
mixtures of CTAB with sodium hydroxy naphthoate (SHN), whalso exhibits a shear-induced
vesicle to micelle transition [12, 13, 14, 15, 16]. Howeafthese investigations have been con-
fined to dilute solutions with surfactant concentratiens wt%. At much higher concentrations a
number of liquid crystalline phases have been reportedhtBcor a few surfactant compositions
with the SHN to CTAB molar ratio less than 1.0, and an interiatedphase was observed be-
tween the hexagonal and lamellar phases, which was tegitatdentified as a rectangular phase
[17] (Fig. 2.1). Here we extend these investigations to @ighHN to CTAB molar ratios and
characterize the observed phases in detail using opticabstdopy and x-ray éiraction.

The phase behaviour of the CTAC-water system is similar &b ofi the CTAB-water system,
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< SHN

Figure 2.1: Partial phase diagram indicating the variogsidi crystalline phases of CTAB-SHN-
water system at 30C. I, LP, R H,, O andL, denote the isotropic, lamellar with curvature defects,
centred rectangular, 2D hexagonal, 2D oblique and regaaellar phases, respectively [17].
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Figure 2.2: Partial phase diagram indicating the variogsidi crystalline phases of DTAB-water
system at 30C. L4, H,, Q, andL, denote the isotropic, hexagonal, cubic and lamellar phases
respectively [19].

except for the appearance of cubic phases between the hreatagal lamellar phases. In the bicon-
tinuous cubic phases observed here between 75 to 83 wt%etnfaoncentration, the surfactant
molecules are reported to be arranged on minimal surfadgshvave vanishing mean curvature
at every point [18].

At very low surfactant concentration, the DTAB-water biyaystem also exhibits an isotropic
solution of spherical micelles. With further addition oktkurfactant, it first forms a hexagonal
phase and then a lamellar phase at very high concentrati®3 (vt%). Between the hexagonal
and lamellar phases there is a narrow concentration rargrendvich a bicontinuous cubic phase
is observed (Fig. 2.2) [19]. Addition of the anionic surfatt sodium dodecylsulfate (SDS) to
DTAB leads to spontaneous formation of unilamellar vesicteade up of single bilayers. At low

water content, this system shows a symmetric phase diagvauat the equimolar line [8].

2.3 Experimental

All the surfactants and 3-hydroxy-2-naphthoic acid (HNASrevpurchased from Aldrich. Sodium-

3-hydroxy-2-naphthoate (SHN) was prepared by adding edgmt amount of an aqueous solu-
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Figure 2.3: Chemical structure of (A) cetyltrimethylammon bromide (CTAB), (B)
cetyltrimethylammonium chloride (CTAC), (C) dodecyltetinylammonuin bromide (DTAB) and
(D) 3-sodium-2-hydroxy naphthoate (SHN).

tion of sodium hydroxide (NaOH) to an ethanol solution of HNFe chemical structures of the
molecules are shown in figure 2.3. To prepare the ternaryisolwlppropriate amounts of the sur-
factant and SHN were first weighed out into a tube. The reduimncentration of the surfactant
solution was obtained by adding de-ionized water. The tubetven sealed and left in an oven at
40rC for more than two weeks. For microscopic observations dingpdes were taken in between
a glass slide and a cover slip. Samples were taken in glagkdap for x-ray difraction studies.
Aligned samples in the lamellar phase were obtained by sgakiem into thin capillaries of 0.5
mm diameter. One mm diameter capillaries were used to obtanented samples. The capillar-
ies were flame-sealed, and the sealed ends were dipped ingareadditional precaution against
loss of water from the sample. A rotating anode generatgyaRi, UltraX 18) operating at 48
kV and 80 mA was the source of x-rays. &y radiation (0.154 nm) was selected by using a flat
graphite monochromator (Huber). fBaction patterns were collected on an image plate detector

(Marresearch). Typical exposure time was one to two hours.

2.4 Results

2.4.1 CTAB-SHN-water system

The phase behaviour of mixtures of CTAB and SHN was studielifi#rent values of their molar

[SHN]
[CTAB]

(CTAB+SHN)
(CTAB+SHN-+water)

ratio (@ = ). For eachu the total concentration( = x100% ) was varied
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Figure 2.4: Phase diagram of the CTAB-SHN-water system=af..0. 1, L, Int andL, denote the
isotropic, lamellar with curvature defects, intermediatel regular lamellar phases, respectively.
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Figure 2.5: Phase diagram of the CTAB-SHN-water system-atl.5.

36



4
~

Figure 2.6: Typical oily streak texture of the lamellar phasder crossed polarizer@at= 1.5, ¢
=45 andT=30°C.
from 10 to 80 wt%. Microscopy observations were made ovemg&rature range from 30 to
85°C. Phases were identified from their characteristic miapgtextures and éiraction patterns.
Multiphase regions in the phase diagrams were deduced foexisting microscopy textures.

The phase diagram far = 1.0 is show in figure 2.4. A lamellar phase is found to coexigtw
an isotropic phasd) at ¢s = 10. The difraction pattern of this lamellar phase shows fiudie
peak in addition to the peaks arising from the lamellar micity. Such difuse peaks have been
seen in some earlier studies, and have been ascribed tauengefects (slits or pores) in the
bilayer. Hence we denote this phaselds At higher concentrations a puté’ is obtained. On
increasingps further the intermediate phaden) is obtained, which transforms int¢ on heating.
At still higher ¢ a regular lamellarl(,) phase appears, whoséfdaction patterns do not show any
evidence for defects in the bilayers. The phase behaviour 1.5 is similar toa = 1.0 except
for the appearance of a pure isotropic phase atdgwThe L phase transforms to an isotropic
phase on increasing the temperature. The correspondimgjtican temperature increases strongly
with increasingps (Fig. 2.5).

The microscopy textures of the lamellar phase occurringithreleside oflnt phase at room
temperature are identical (Fig. 2.6). However, as menti@imve, their diraction patterns dlier

in one respect. The fifaction pattern of theP? phase present at lowgs consists of two reflections
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Figure 2.7: Typical diraction pattern of the lamellar phase with curvature dsf@cd}) ata = 1.5,
¢s = 45 and T= 30°C. The irregular “spots” near the centre are due to the diveatm escaping
the beam stop.
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Figure 2.8: Typical diraction pattern of the lamellar phade,) occurring at very high values of
¢s at room temperaturex(= 1.5, ¢ = 80).
corresponding to the lamellar periodicity alogg z being the direction of the bilayer normal, and
a more dituse reflection along the orthogonal directign (Fig. 2.7). The difuse reflection is
absent in the., phase occurring at highex (Fig. 2.8). The lamellar periodicity and the position
of the difuse peak in the lamellar phasesat 1.0 are given in table 2.1 as a functiondgaf At
high temperatures theftlise peaks fade away gradually on increagingOn the other hand, at
lower temperatures tHet phase intervenes between the two lamellar structures.igtiis reason
for referring to this as the intermediate phase. The textfithis phase is dierent from that of
the other liquid crystalline phases (Fig. 2.9). The phas$eusd to be much more viscous than the
other phases observed in this system at similar surfactaicentrations. Diraction pattern of this
structure contains many reflections, indicating a high eéegif positional order (Fig. 2.10). It does
not show any changes even after aging the samples for abeair,1syiggesting the thermodynamic
stability of this phase.

At much higher SHN concentrations, the phase disappears. A viscous isotropic phase is

obtained atr = 1.85 for¢ < 30, beyond which a nematidlj phase appears (Fig. 2.11). The latter
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¢s | d(nm) | dg(nm) | phase

10| 471 - LD
20| 5.37 - LD
25| 6.17 - LD

30| 9.60 | 594 | LP
40| 7.17 | 6.93 | LP
50| 585 | 7.45 | LP
80| 39.8 - Ly

Table 2.1: Variation of the lamellar periodicityand the spacing of the fluse pealdy with ¢ at
a = 1.0 and T= 3C°C.

Figure 2.9: Typical mosaic texture of intermediate phas®oked under crossed polarizersvat
1.0,¢s = 60 and T= 30°C.
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Figure 2.10: Typical diraction pattern of the intermediate phakat)ata = 1.0 andps = 60 [17].
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Figure 2.11: Phase diagram of CTAB-SHN-water system at1.85. I, N,H andC denote the
isotropic, nematic, hexagonal and crystalline phasepectively.
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Figure 2.12: Typical thread-like texture of the nematicggh@\) ata = 1.85,¢s = 40 and T=
30°C. The scale bar represents 0.1 mm.
phase is also very viscous and exhibits the charactertst®ad-like texture under the polarizing
microscope (Fig. 2.12). Pseudo-isotropic regions, whieeedptic axis is normal to the glass
plates, were not found in any of the samples studiedffr&tion patterns of this phase show
partial alignment, probably due to the shear flow occurritgerthe samples were sucked into the
capillaries (Fig. 2.13). On increasiigg the nematic phase transforms into a hexagoraihase,
as indicated by the microscopic texture typical of the hexad phase. Diraction patterns of this
phase show two peaks in the small angle region with theirisgadn the ratio 1% (Fig. 2.14,
Table 2.2). A crystalline phase is observed at even higher

The partial ternary phase diagram at°80is presented in figure 2.15. It shows a high degree
of symmetry about the line corresponding to equimolar C//HBN composition, as in the case of

mixtures of cationic and anionic surfactants.
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Figure 2.13: X-ray diraction pattern of the nematiblj phase atr = 1.85,¢s = 40 and T= 30°C.

Os di(nm) dz(nm) POM phase
20 | very diffuse - isotropic I
40 5.56 - thread like texturg N
50 5.23 3.02 | hexagonal texture H
60 4.61 2.67 | hexagonal texture H

Table 2.2: Diferent mesophases in CTAB-SHN-water system at very high Sétid¢entration
(a = 1.85).
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Figure 2.14: X-ray diraction pattern of the hexagonal phast @ta = 1.85,¢s = 60 and T=
30°C.

2.4.2 CTAC-SHN-water system

Phase diagram of the CTAC-SHN-water system has been detedrat equimolar composition (
=1) (Fig. 2.16). Fows< 40, there is a coexistence of an isotropic and lamellar ghasehigher
¢s, @ lamellar phase is obtained, which is identified from ity sireak texture and tfraction
data. In this system the feliaction pattern of the lamellar phase does not show afiysdi peak
in the direction normal to that of the lamellar reflectiomgjicating the absence of any curvature
defects in the plane of the bilayer. It, therefore, is a ragldmellar phasel(,). In this system
the intermediate phase was not observed. Only the reguteell@ar phase dominates the phase

diagram.

2.4.3 DTAB-SHN-water system

The phase diagram of equimolar mixtures of DTAB and SHN isg@néed in figure 2.17. Faor, <

45, the lamellar phase coexists with an isotropic phasesAB0, in addition to the lamellar peaks,
a diffuse peak indicating the presence of curvature defects ipléme of the bilayer is observed
(Table 2.3). The average defect separation decreasesreasmgyps, similar to the trend observed

in the random mesh phase of the cesium perfluorooctanoater syestem [20]. The intermediate
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Figure 2.15: Phase diagram of CTAB-SHN-water system at3D °C. The concentrations are in
wt%. I, LP, L,, H, Int, N andC denote the isotropic, lamellar with curvature defectsulagamel-

s qo

lar phase, hexagonal phase, intermediate phase, nemastie phd crystalline phase, respectively.
The dashed line indicates samples with equimolar C/BMBN composition.

phase is not observed in this system over the rangg ahd temperature studied.

2.5 Discussion

The high viscosity of the isotropic phase in the CTAB-SHNta@vasystem at low values af is
consistent with the formation of worm-like micelles. Thishavior is very similar to that seen
in mixtures of CTAB with salts such as KBr, sodium salicylated sodium tosylate [2, 21, 22].
The growth of these long flexible micelles is attributed te itncrease in the end cap energy of the
cylindrical CTAB micelles in the presence of these salts.

The observation of a lamellar phase over an extended ranggasbunda ~ 1.0 is remi-
niscent of the behavior of mixtures of cationic and anionidactants [6, 7, 8] and also of some
mixtures of cationic surfactants and anionic drugs [23]th&ugh the HN counterion is much
shorter (length~ 5 A) than the CTAB molecule (length 17 A), its incorporation in the CTAB
micelle seems to have a similaffect as that of a much longer anionic surfactant. THeuske

peaks in the dfraction patterns of theP phase at lower values @t occur in a direction normal
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Figure 2.16: Phase diagram of CTAC-SHN-water system-atl.0. | andL, denote the isotropic
and lamellar phases, respectively.
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Figure 2.17: Phase diagram of DTAB-SHN-water system af..0. 1 andL® denote the isotropic
phase and lamellar phase with curvature defects.
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to the lamellar peaks and can be attributed to positionaktairons between defects lying in the
plane of the bilayer (Fig. 2.7). Consistent with this pietuthe bilayer thickness estimated from
the observed lamellar spacing and the surfactant volunstidrais about 10% lower than that ob-
tained at highps, when the difuse peak is absent. Suclfdse reflections have been observed in
the lamellar phase of some surfactant systems, such asrcpsitadecafluorooctanoate (CsPFO)
[20]. Small angle neutron scattering as well as watéiudion experiments have shown that the
diffuse reflections arise from water-filled pores in the bilaydl.[ These defects heal on adding
CsCl, or on increasing the surfactant concentration, to form a&llmphase without defects. Such
curvature defects are also found in some mixed-surfactetems [25]. Neutron scattering stud-
ies on SDS-alcohol-water system have shown that the nunflolefects per unit area increases as
the SD3alcohol ratio increases. However the pores disappear gligduhen the water content
is decreased. The existence of similar curvature defects &ilgdo been proposed in mixtures of
dimyristoylphosphatidylcholine (DMPC) with a shorter ahbpid dihexanoylphosphatidylcholine
(DHPC) [26]. The difraction patterns of this system do not show arfjudie peaks, and the pres-
ence of these defects is deduced from the fact that the aasé&mnellar periodicity is much less
than that estimated from the lipid volume fraction. The alogeof positional correlations between
the defects in this case might be due to the fact that they @asigircular pores with no well-
defined size. On the other hand, in systems where tfieséi peak is seen it may be better to
envisage the bilayers as a mesh-like structure, with ridb@segments (Fig. 2.18), rather than as
a continuous sheet littered with pore-like defects. Uniikehe CsPFO-water system, the spacing
corresponding to the fluse peak in the present system increases with increasi(table 2.1).
Presently it is not clear if this @fierence is critical for the occurrence of the intermediatasghn
the latter.

The formation of these curvature defects in a mixed sunfacgstem has been explained in
terms of the tendency of one of the surfactant species taeggtg into spherical or cylindrical
micelles, both of which have high positive values of mearvature. The micro environment in
the edge of these defects is very similar to that in the maseland hence their formation helps

to reduce the overall energy of the system [27]. A singledanirfactant can also mimic a two
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Table 2.3: Variation of the lamellar periodicitg)(and the average in-plane periodicitl) in the
DTAB-SHN-water system at = 1 and T= 30°C.

¢s | d(nm) | dg(nm) POM phase
60| 4.38 | 5.87 | oily streak texture] LP
70| 3.81 | 5.23 | oily streak texture] LP
80| 3.54 | 4.42 | oily streak texturel LP

(2 a 3.5
96 0% & 0% Pece s Lo o500
'I.I I. : [ () :

@ > 4 $ 4 }

Figure 2.18: Schematic diagram of lamellar phase made ulodm like segments. Note, how-
ever, that ribbons in adjacent layers need not be orientdtkisame direction.
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[NaBr] | d(nm)
0.00 | 4.71
0.12 | 4.79
0.25 | 5.16
0.50 | 5.67
1.00 | 6.10

Table 2.4: Variation of the lamellar periodicitgl)(at@ = 1.0 andgps = 10 with added NaBr salt at
T =30°C.

component system by having a higher degree of ionizationtheaedges of these defects. In the
present case it is very likely that the CTAB concentratiomigder near the defect edges, reflecting
the preference of CTAB to form cylindrical micelles. The\ature defects in the lamellar phase
gradually disappear on decreasing the water content atteigiperatures. However, at lower
temperatures an intermediate phase occurs in between thiaiwellar structures. This phase is
found over a very broad composition range. The detailedyarsabf the structure of this phase is
described in the next chapter.

In equimolar mixtures, the lamellar phase coexists with sotropic phase up tg¢s ~ 30,
beyond which a pure lamellar phase is found. Interestirigylamellar periodicityd) increases
with increasingps in the coexistence region and then decreases in the lanpéidese (Table 2.1).
Whereas the decrease at highiecan be attributed to the volume constraint as usual, therobde
increase at lowep is somewhat surprising. One possible cause of this behevibe increase in
the concentration of Naand Br ions in the solution, which are released from the two comptse
In order to check this possibility we have measured the inflteeof added NaBr on the lamellar
periodicity at a lower value aps (Table 2.4) . The maximum value of added salt corresponds to
the expected salt concentration in the solutiopsatorresponding to the maximum ¢h From the
table it is clear that this salt can not solely explain theepbsd swelling withps. The additional
contribution might come from the osmotic pressure exeriethb isotropic phase which could be
a micellar solution. In order to explain the observatioresdemotic pressure should decrease with
increasingps, along with the relative amount of the isotropic phase. lkrrstudies are necessary

to test these possibilities.
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On increasingr to 1.85 the lamellar phase disappears and the phase belmgomewhat
analogous to that at very low values @f A similar behavior is also seen in other mixtures of
CTAB with strongly bound hydrophobic counterions, and igally attributed to the fact that the
aggregates at these compositions are highly charged, ssahgery low counterion concentration.
The only diference is the observation of the nematic phage-a1.85. In this connection it should
be noted that a nematic phase made up of rod-like micellebés reported in the CTAB-water
system from 26 to 30 wt.% CTAB concentration, below*@2[11]. However, we did not observe
this phase even at the loweststudied. The nematic phase seems to be suppressed by SHN at
these compositions, although at much higher valuestbfs phase reappears. The flow alignment
of the nematic phase, observed in thirdiction experiments, and the absence of pseudo-isotropic
regions in its microscope texture suggest that it is madd lipear surfactant aggregates. The high
viscosity of this phase indicates that these are long wakenrhicelles, and not shorter rod-like
ones proposed in the N phase of the binary CTAB-water system.

The overall symmetry of the ternary phase diagram aboutgherelar composition of the two
species is very similar to that observed in the case of mastof cationic and anionic surfactants.

On the addition of strongly bound counterion, both CTAC antAB show only the lamellar
phase over wide range of concentration. The intermediaasgshof CTAC-water binary system
and the bicontinuous cubic phase in case of DTAB-water syslisappear. With the change of
counterions, it is found that the CTAC-SHN system does nowstiefects in the lamellar phase.
It has been reported that thfective binding ofBr~ ions to the surfactant bilayers is much higher
than that ofCl~ ions [28] . Even for neutral lipid bilayer a similar behavitas been observed. In
case of CTAB the formation of defects is explained above im$eof partial dissociation of the
Br~ counterions. In case of CTAC, on the other hand, the disBoni#s expected to be almost
complete. Therefore, the system would prefer to form caomtirs bilayers, where the microenvi-
ronment of all the molecules is the same. This might explanabsence of curvature defects in
this system.

On decreasing the chain length, it is found that althouglbih&B-SHN system forms curva-

ture defects, the average defects separation decreasesunfaictant concentration. The appear-
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ance of defects can be again explained by the bindiryofions on the bilayer. The decrease of
defect separation and theiffect in forming the intermediate phase will be discussed énrtbixt

chapter.

2.6 Conclusion

A partial phase diagram of the CTAB-SHN-water system has lweastructed from optical mi-
croscopy and x-ray @iraction studies. A variety of phases, such as hexagonag|lamvith curva-
ture defects, intermediate, regular lamellar and nemiadéiee been identified. The phase behavior
is found to be fairly symmetric about the equimolar CTAB-SEdimposition, as seen in mixtures
of cationic and anionic surfactants. The curvature defg@cesent in the.° phase at higher water
content, are gradually annealed on decreasing the watéerdaat high temperatures. However,
at lower temperatures this occurs across an intermediatgepkvhich consists of an ordered array
of such defects and is the subject of the next chapter. Replaélge bromide ion by chloride ion
removes the curvature defects, which indicates the ionfsggcfor such structure formation. Al-
though the shorter chain surfactant is able to produce thetire defects, this system is unable

to induce their correlated three-dimensional structure.
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